Invasion-promoting MT1-MMP is directly linked to tumorigenesis and metastasis. Our studies led us to identify those genes, the expression of which is universally linked to MT1-MMP in multiple tumor types. Genome-wide expression profiling of MT1-MMP-overexpressing versus MT1-MMPsilenced cancer cells and a further data mining analysis of the preexisting expression database of 190 human tumors of 14 cancer types led us to identify 11 genes, the expression of which correlated firmly and universally with that of MT1-MMP (P < 0.00001). These genes included regulators of energy metabolism (NNT), trafficking and membrane fusion (SLCO2A1 and ANXA7), signaling and transcription (NR3C1, JAG1, PI3KD, and CK2A), chromatin rearrangement (SMARCA1), cell division (STK38/NDR1), apoptosis (DAPK1), and mRNA splicing (SNRPB2). Our subsequent extensive analysis of cultured cells, tumor xenografts, and cancer patient biopsies supported our data mining. Our results suggest that transcriptional reprogramming of the specific downstream genes, which themselves are associated with tumorigenesis, represents a distinctive ''molecular signature'' of the proteolytically active MT1-MMP. We suggest that the transactivation activity of MT1-MMP contributes to the promigratory cell phenotype, which is induced by this tumorigenic proteinase. The activated downstream gene network then begins functioning in unison with MT1-MMP to rework the signaling, transport, cell division, energy metabolism, and other critical cell functions and to commit the cell to migration, invasion, and, consequently, tumorigenesis. [Cancer Res 2008;68(11):4086-96] 
Introduction
Matrix metalloproteinases (MMP) comprise a family of zinc enzymes. A transmembrane domain and a cytoplasmic tail distinguish MT1-MMP from the soluble MMPs. MT1-MMP is directly involved in cell locomotion and matrix degradation and in the activation pathway of the soluble MMPs. The presence of invasion-promoting MT1-MMP, either in tumor cells or in the surrounding stroma, is linked to tumorigenesis and metastasis (1) .
MT1-MMP is synthesized as a zymogen, which requires proteolytic activation to remove the NH 2 terminal, inhibitory prodomain. The release of the prodomain exposes the active site of the enzyme and creates the respective enzyme with full functional activity. MT1-MMP is regulated by multifaceted mechanisms, which include inhibition by tissue inhibitor of metalloproteinases (TIMP), oligomerization, shedding, glycosylation, trafficking, internalization, and recycling (2) (3) (4) (5) .
Coordinated control of MT1-MMP is critically important for cell migration and tumorigenesis. Thus, the tailless MT1-MMP mutant that lacks the cytoplasmic tail functions efficiently by inducing the activation of MMP-2 and matrix remodeling. In contrast with wildtype MT1-MMP-WT, this mutant, however, is not efficiently internalized and is persistently present on the cell surface because of its recruitment to caveolin-enriched lipid rafts. These events antagonize the contribution of the proteolytically proficient tailless MT1-MMP to cell locomotion and malignant growth (6) .
MT1-MMP is a broad-specificity proteinase that cleaves multiple cellular and extracellular targets. A partial list of cleavage targets of MT1-MMP includes MMP-2, MMP-13, type I collagen a1 and a2 chains, amyloid precursor protein, connective tissue growth factor, interleukin 8, leukocyte protease inhibitor, pro-tumor necrosis factor a, KiSS, CD44, EMMPRIN, gC1q-R, integrin aV, syndecan 1, semaphorin 4D, laminin 5 g2 chain, tissue transglutaminase, lumican, and pericentrin (7) (8) (9) (10) (11) (12) . Transfection of only one MT1-MMP gene causes the phenotype change and increases tumorigenicity of cancer cells (13) . These changes suggest that MT1-MMP proteolysis regulates the multiple cell functions and affects, either directly or indirectly, a number of signaling and transcriptional regulation pathways (14, 15) . These MT1-MMP regulated genes and downstream pathways are insufficiently characterized.
We used gene expression profiling as a global assay to identify the target genes whose transcriptional activity is directly linked to MT1-MMP in cancer. Our results led us, for the first time, to identify the MT1-MMP-mediated effects on the genome-wide transcriptional regulation.
Materials and Methods
Reagents. All reagents, unless otherwise indicated, were from Sigma. Rabbit antibody against the hinge region of MT1-MMP (Ab815), murine monoclonal antibodies against the catalytic domain of MT1-MMP (clone 5D1), and CK2a (clone 1AD9), the enzyme-free cell dissociation solution, a TMB/M substrate, and a hydroxamate inhibitor of MMPs (GM6001) were from Chemicon. Rabbit antibody against CK2a was from Bethyl. Rabbit antibody against PI3Ky was from Abcam. Murine monoclonal antibody against the catalytic subunit of PKAa (clone 5B) was from Transduction Laboratories. Matrigel and murine monoclonal antibody against NR3C1 (clone 41) was from Becton Dickinson. Rabbit antibody Ab-1 against NR3C1 was from Calbiochem. F(ab ¶) 2 fragments of goat anti-mouse IgG, goat antirabbit and goat anti-mouse IgG conjugated with horseradish peroxidase (HRP), FITC-conjugated goat anti-rabbit IgG (Fc-specific), and Alexa Fluor 488-conjugated goat anti-mouse IgG (Fc-specific) were from Jackson ImmunoResearch. Cell lines. The parental human fibrosarcoma HT1080 (HT cells), glioma U251 (U cells), and breast carcinoma MCF-7 (MCF7 cells) were from American Type Culture Collection. Cells were cultured in DMEM supplemented with 10% FCS (DMEM/FCS) and 10 Ag/mL gentamicin. The human MT1-MMP-WT (Genbank number NM_004995) was cloned into the pcDNA3-zeo and the pcDNA3-neo plasmids (Invitrogen). The catalytically inert MT1-MMP E240A mutant with the substitution of the active site Glu-240 was isolated earlier (16) . To perform MT1-MMP silencing, the small interfering RNA (siRNA) expression cassette 5 ¶-GAAGCCTGGCTGCAGCAG-TAT-3 ¶, corresponding to the 106-126 sequence of MT1-MMP, was cloned into the pSEC-puro plasmid (Ambion) under the control of the human U6 promoter (pSEC::siRNA). The control plasmid was generated by ligation of the scrambled sequence 5 ¶-GGTCCATGCTGCAGAAAAAC-3 ¶ into the pSECpuro plasmid (pSEC::siRNAscr).
HT1080 cells were stably transfected with MT1-MMP-WT and MT1-MMP-siRNA using LipofectAMINE (Invitrogen) to generate HT-MT and HT-siRNA cells, respectively. U251 cells were stably transfected with MT1-MMP-WT and MT1-MMP-E240A also using LipofectAMINE to generate U-MT and U-MT-E240A cells, respectively. HT-MT, HT-siRNA and HTsiRNAscr clones resistant to 0.1 mg/mL neomycin and 2 Ag/mL puromycin, respectively, and U-MT and U-MT-E240A cells resistant to 0.6-0.8 mg/mL of zeocin were selected for cell surface expression of MT1-MMP by flow cytometry on a FACStar flow cytometer (Becton Dickinson). For these purposes, cells were incubated with 5 Ag/mL control rabbit IgG or MT1-MMP Ab815 antibody followed by incubation with an FITC-conjugated F(ab ¶) 2 fragment of goat anti-rabbit IgG. To avoid clone-specific effects, transfected cell lines were generated as pools of positive cell clones (three to six clones for each cell line). Control cells transfected with the original pcDNA3-neo plasmid (HT-neo cells), the pcDNA3-zeo plasmid (U-zeo cells), and the pSEC::siRNAscr (HT-siRNAscr) were generated as a pool of neomycin-resistant, zeocin-resistant, and puromycin-resistant cells, respectively. Transfected HT-MT and H-neo cells were grown in DMEM/FCS supplemented with 0.05 mg/mL neomycin. U-MT, U-MT-E240A, and U-zeo cells were grown in DMEM/FCS with 0.2 mg/mL zeocin, whereas HT-siRNA and HT-siRNAscr cells were grown in the presence of 1 Ag/mL puromycin. MCF-7 cells stably expressing MT1-MMP-WT (MCF7-MT cells) and the inert MT1-MMP-E240A mutant (MCF7-MT-E240A cells), as well as the mock cells transfected with the original pcDNA3.1-zeo plasmid (MCF7-zeo) cells, were described earlier (16) .
Immunoprecipitation, Western blotting, and gelatin zymography. For Western blotting, cells were surface-biotinylated with sulfo-NHS-LCbiotin (Pierce; ref. 17) . Biotin-labeled MT1-MMP was immunoprecipitated using the antibody Ab815. Precipitated samples were analyzed by Western blotting using Extravidin-HRP and a TMB/M substrate. Tumor samples were homogenized in PBS supplemented with a protease inhibitor cocktail containing 1 mmol/L phenylmethylsulfonyl fluoride and aprotinin, pepstatin, and leupeptin (1 Ag/mL each). The samples were lysed in 50 mmol/L N-octyl-h-D-glucopyranoside in TBS supplemented with 1 mmol/L CaCl 2 , 1 mmol/L MgCl 2 , and a protease inhibitor cocktail. The soluble fractions (30 Ag protein/lane) were used for the analysis. For gelatin zymography, cells were incubated for 8 h in DMEM. Because MCF-7 cells do not synthesize MMP-2 naturally, the MCF7 samples were supplemented with the purified pro-MMP-2 (25-50 ng/mL). Medium aliquots (10 AL) were analyzed by gelatin zymography (16) .
In vitro cell invasion. Cell invasion assays were performed in wells of a 24-well, 8-Am pore size, Transwell plate (Costar). Transwell inserts were coated with 100 AL Matrigel (0.15 mg/mL) and dried. Inserts were rehydrated in 500 AL DMEM for 2 h immediately before the experiments. The bottom chamber contained 600 AL of DMEM/FCS. Cells (1Â10 6 /mL; 0.1 mL/well) were loaded in the upper chamber and allowed to invade for 12 h. The medium was then aspirated. Crystal violet (0.2%) in a 20% methanol/water solution (300 AL) was added to the bottom of each well for 30 min. The stained cells were lysed in 1% SDS (250 AL). Sections were then heated at 100jC in 50 mmol/L Tris (pH 9.5) for 1 h and blocked in PBS supplemented with 1% casein, 0.05% Tween 20, and the F(ab ¶) 2 fragments of goat anti-mouse IgG (10 Ag/mL). Sections were stained for 2 h using the MT1-MMP 5D1 antibody, and the antibodies to PKAa, CK2a, PI3Ky, and NR3C1 (2 Ag/mL each in PBS supplemented with 1% casein, 0.05% Tween 20) , and the F(ab ¶) 2 fragments of goat anti-mouse IgG (10 Ag/mL) followed by staining with FITC-conjugated goat anti-rabbit IgG (Fc-specific) and Alexa Fluor 488-conjugated goat anti-mouse IgG (Fc-specific) for 2 h. Images were acquired on a BX51 fluorescence microscope equipped with a MagnaFire camera (Olympus). Nuclear DNA was stained with 4 ¶,6-diamidino-2-phenylindole (DAPI).
To generate lung metastasis, the cells (1 Â 10 6 ) were injected through the tail vein. In 25 d, mice were sacrificed. The lungs were inflated intratracheally with 2 mL of 15% Indian ink solution, fixed, and then bleached with Fekete's solution. Metastatic loci in the lungs were counted using a stereoscope.
Isolation of total RNA and DNA-chip RNA expression profiling. Cells were grown in DMEM/FCS to produce a subconfluent culture. Total RNA was extracted using an RNeasy kit (Qiagen). RNA (500 ng) was reversetranscribed by M-MLV reverse transcriptase. The transcripts were labeled with biotin using an RNA amplification kit (Ambion). The cDNA samples were mixed with a Hyb E1 hybridization buffer containing 37.5% (w/w) formamide. The hybridization mix was dispensed on the Sentrix Human Ref-8 BeadChip (Illumina) containing 24,000 transcripts of the f22,000 genes represented in the consensus Reference Sequence (RefSeq) human genome database. Hybridization was performed for 18 h at 55jC. Array chips were then washed with an E1BC solution, then with 100% ethanol, and lastly with the E1BC solution again. The chips were blocked with an E1 blocking buffer followed by staining with streptavidin-Cy3, washing with the E1BC solution, and drying. Array chips were scanned using a BeadArray Reader (Illumina). The resulting images were analyzed using the BeadStudio image processing software (Illumina). Each strip on the chip contained f30 to 40 beads with the attached oligonucleotide DNA corresponding to an individual gene of the RefSeq database. Our experiments were performed in replicates. BeadStudio averages the values of each gene across the samples, and its algorithm automatically takes into account the statistical power of the replicates to provide a more sensitive determination of detection and differential expression. For quantifying gene expression signal levels, we performed a DirectHyb analysis, which was included in the BeadStudio software. Associated hybridization intensities were normalized by the cubic spline method. To produce output files for determining the probability that a gene signal was changed between groups of samples, we performed the BeadStudio's DirectHyb Differential Expression Analysis. The Illumina custom error model was used as a statistical model to determine the P values for differential expression.
Reverse transcription and quantitative reverse transcription-PCR. Total RNA (1.0 Ag) was primed with oligo-dT and then reverse-transcribed using the QuantiTech Reverse Transcription kit (Qiagen). Quantitative reverse transcription-PCR (qRT-PCR) was performed using an Mx3000p instrument (Stratagene). The cDNA (10 ng) was used in a 25-AL reaction with the Power SYBR Green PCR Master Mix (Applied Biosystems). The sequences of the primers used in the RT-PCR reactions are shown in Supplementary Table S1 . RT-PCR reactions were performed as follows: denaturing step at 95jC for 10 min, followed by 40 cycles of 30 s at 95jC, 1 min at 55jC, and 30 s at 72jC. PCR product amplification was monitored by SYBR green fluorescence and normalized relative to the Rox dye standard. A standard curve was generated with glyceraldehyde-3-phosphate dehydrogenase (GADPH) primers for each tested cDNA sample, and it proved to be linear over four orders of magnitude. This curve was used to determine the relative differences in cDNA from changes in C t values.
Human tumor gene expression databases. Human tumor gene expression data from the Global Cancer Map (GCM) [190 specimens of 14 different types (breast, pancreas, lung, bladder, ovary, melanoma, uterus, renal, prostate, central nervous system, lymphoma, colorectal, mesothelioma, and leukemia), 16,063 genes, Affymetrix GeneChip Hu6800 and Hu35KsubA; ref. 18] were downloaded from the Website. 1 Gene expression data from the normal tissues were discarded. Only the data related to cancerous tissues were further analyzed. The GeneNeighbors module of the GenePattern software was used to identify those genes, the expression of which was closely correlated with that of MT1-MMP (19) . The expression level of each gene, across all tumor specimens, was normalized by setting the mean to 0 and the SD to 1. We discarded the genes with either overly low or overly high expression levels (<50 and >15,000 relative units, respectively). We also did not include, in our further analysis, the genes that had either less than a 2-fold difference or less than a 50 relative unit difference across all tumor tissues. We used the Euclidean distance as a measure of similarity in the expression pattern. This algorithm produced a numerical score that represented the calculated Euclidean distance for each gene relative to the MT1-MMP gene. The genes were then ranked so that the low score indicates the close similarity of the expression pattern of the particular gene with that of the MT1-MMP gene.
Kolmogorov-Smirnov statistics. To evaluate the significance of the coexpression pattern of genes, we used the Kolmogorov-Smirnov (KS) statistics. For our analysis, we selected the genes that are differentially expressed in HT-MT and HT-siRNA cells when compared with HT cells with at least a 2-fold difference. We next determined the positional distribution of these selected genes within the list ordered by the Euclidean distance relative to the MT1-MMP gene in the 190 tumor tissues and selected the target gene set of 11 genes. These genes are both coexpressed with the MT1-MMP gene in the tumor specimens and induced by MT1-MMP in HT1080 cells. We next calculated the KS score for these 11 genes using the score module of the GenePattern platform (19) . The higher the KS score, the more the expression pattern of the particular gene set is analogous across all tumors. We next performed the same KS analysis for 11 randomly selected genes using 100,000 permutations. The frequency of events when the KS score of the randomly chosen gene set was equal to or exceeded that of the target gene set was taken as a P value.
Transient expression assay of the transcriptional activity of the NR3C1 promoter. The 2.7-kb NR3C1 promoter was recloned from the phGR plasmid (20) into the pGL4.10 (luc2) reporter vector (Promega). The resulting pGL4.10::NR3C1 plasmid that expressed an NR3C1 promoterfirefly luciferase chimera was used in the cotransfection assay with the pGL4.74 control vector that carried the Renilla luc gene under the control of the thymidine kinase promoter. Transient transfection of HT, HT-neo, HT-MT, HT-siRNA, and HT-siRNAscr cells was accomplished using Fugene HD reagent (Roche). The transcriptional activity of the NR3C1 promoter was measured using the Dual-Glo luciferase assay system (Promega).
Phosphorylated antibody screening. HT-neo, HT-MT, and HT-siRNA cells grown in DMEM/FCS were lysed in 20 mmol/L MOPS (pH 7.0), containing 2 mmol/L EGTA, 5 mmol/L EDTA, 30 mmol/L Na-fluoride, 40 mmol/L h-glycerophosphate, 10 mmol/L Na-PPi, 2 mmol/L Naorthovanadate, 1 mmol/L phenylmethylsulfonyl fluoride, 3 mmol/L benzamidine, 5 Amol/L pepstatin, 10 Amol/L leupeptin, and 0.5% Triton X-100. Insoluble material was removed by ultracentrifugation (100,000 Â g; 30 min). The supernatant aliquots (500 Ag protein each) were analyzed using the phosphorylated site screening KPSS-1.3 and the total kinase protein screening KPKS-1.2 (Kinexus) followed by the quantification of the images by Bio-Rad Quantity One software.
Patient specimens, tissue microarrays, and IHC. The tissue microarrays (TMA), each containing 60 to 140 specimens, represented multiple types of human epithelial malignancies, including breast, gastric, colorectal, ovarian, and cervical carcinomas with adjacent normal tissues, and several additional cancer types. The staining of PKAa, the expression of which does not correlate with MT1-MMP, was used as a control. After dewaxing, TMAs were stained with the rabbit polyclonal MT1-MMP Ab815 antibody, the murine monoclonal NR3C1 antibody (clone 41), and the murine monoclonal antibody 5B against the catalytic subunit of PKAa. The use of the secondary species-specific antibodies, a diaminobenzidine-based detection method using Envision Plus HRP system (DakoCytomation), and an automated Dako Universal Staining System immunostainer followed (21) .
In the double-labeling experiments, TMAs were first incubated with murine monoclonal antibodies to PKAa and NR3C1, followed by the use of the Envision Mouse-HRP detection system (DakoCytomation) with a diaminobenzidine chromagen (brown color). Next, the slides were incubated with rabbit antibody Ab815 against MT1-MMP followed by the use of Envision Rabbit-HRP detection system (DakoCytomation) with an SG chromagen (Vector Laboratories) that yields gray-black color (22) . Nuclear red was used for nuclear counterstaining. The slides were scanned on a Scanscope CM-1 scanner. The images were processed using ImageScope software (Aperio Technology) with color deconvolution and separation algorithms (23) .
Results
Expression and activity of cell surface-associated MT1-MMP. We specifically selected HT1080 cells (HT cells) for our studies because these cells express MT1-MMP naturally. To increase the MT1-MMP expression, we transfected HT cells with MT1-MMP-WT and isolated a pool of the stably transfected HT-MT cells. As a control, we used HT-neo cells transfected with the original plasmid. To silence MT1-MMP, we transfected HT cells with the siRNA construct and isolated HT-siRNA cells. As a second control, we isolated HT-siRNAscr cells which were selected after stable transfection of HT cells with the scrambled siRNA. Immunoprecipitation of cell surface-associated, biotin-labeled MT1-MMP showed the near-complete silencing of the protease in HT-siRNA cells. In HT-MT cells, MT1-MMP was degraded and predominantly represented by the 40-kDa to 45-kDa degradation, membrane-tethered, inactive species (3), as well as by the fulllength protease. GM6001 (a hydroxamate inhibitor of MMPs) inhibited both the activity and self-proteolysis of MT1-MMP in HT-MT cells and helped to determine the increased MT1-MMP expression in HT-MT cells compared with HT cells. Similar amounts of the full-length MT1-MMP were detected in the control HT, HT-neo, and HT-siRNAscr cells (Supplementary Fig. S1A ). These data correlated with the inactivation of cell surfaceassociated MT1-MMP by TIMP-2 in HT1080 cells and with the our earlier and other's studies. Therefore, the MT1-MMP enzyme was incapable of self-proteolysis in HT, HT-neo, and HT-siRNAscr cells, but it was proteolyzed in the overexpressing HT-MT cells (24) .
The expression of cell surface MT1-MMP was insignificant in U-zeo cells (Supplementary Fig. S1A ). Transfection of U cells with either MT1-MMP-WT (U-MT cells) or the active site mutant MT1-MMP-E240A (U-MT-E240A cells) increased the levels of both fulllength and degraded forms of the protease. Endogenous MT1-MMP contributed to the degradation of the inert mutant MT1-MMP-E240A in U-MT-E240A cells. Immunoprecipitation also detected significant amounts of MT1-MMP in MCF7-MT and MCF7-MT-E240A cells, whereas MCF7-zeo cells were MT1-MMP-negative. MT1-MMP was largely self-degraded in MCF7-MT cells. Because the inactive E240A mutant is incapable of self-proteolysis, the individual full-length MT1-MMP form has been found in MCF7-MT-E240A cells.
Consistent with the presence of active MT1-MMP on cell surfaces, HT-MT cells readily activated MMP-2 and converted its 68-kDa proenzyme into the 64-kDa intermediate and the 62-kDa mature enzyme. Because of the silencing of MT1-MMP, the activation of MMP-2 was blocked in HT-siRNA cells. The levels of MMP-2 activation were insignificant in the control HT, HT-neo, and HT-siRNAscr cells (Supplementary Fig. S1B ). As expected, U-zeo, U-MT-E240A, MCF7-zeo, and MCF7-MT-E240A cells were unable to activate MMP-2, whereas U-MT and MCF7-MT cells efficiently activated MMP-2 ( Supplementary Fig. S1B) .
To confirm the silencing of MT1-MMP by siRNA, we assessed the relative levels of the MT1-MMP mRNA in HT-MT, HT-neo, and HTsiRNA cells by RT-PCR with the primers complementary to the 3 ¶ untranslated region (Fig. 1C) . Because the 3 ¶ untranslated region is missing in the recombinant MT1-MMP gene expressed by the plasmid vector, the primers detected only the message encoded by the chromosomal MT1-MMP gene. The transcriptional efficiency of the endogenous chromosomal MT1-MMP gene was similar both in HT-MT and HT-neo cells (not shown). In turn, and consistent with the results of the Western blotting and gelatin zymography analyses, the transcription activity of the chromosomal MT1-MMP gene was nearly completely silenced in HT-siRNA cells (Supplementary Fig. S1C ).
Invasion-promoting, tumorigenic function of MT1-MMP. Consistent with other multiple MT1-MMP-transfected cell types, HT-MT cells acquired the ability to invade Matrigel more efficiently when compared with HT-neo and HT-siRNAscr cells. There was a statistically significant difference between the invasion efficiency of HT-MT and HT-siRNA cells (Supplementary Fig. S1D ). The effects of MT1-MMP we observed in the HT1080 cell system correlate with the earlier results by others (25) .
To determine the tumorigenic and prometastatic roles of MT1-MMP, we used in vivo tumor xenograft and lung metastasis assays, respectively, in immunodeficient mice ( Supplementary Fig. S1E  and F) . HT-neo, HT-MT, HT-siRNA, U-zeo, U-MT, and U-MT-E240A cells were each injected in mice. The HT-MT xenografts grew at a rate that exceeded that of the HT-neo and HT-siRNA tumors. At day 21 postimplantation, the HT-MT tumors were f2-fold and 8-fold larger than the HT-neo and HT-siRNA tumors, respectively, thus providing solid evidence of the tumorigenic function of MT1-MMP. These data are in agreement with the cytoplasmic tail signaling of the inert MT1-MMP-E240 mutant we recently identified (14) .
Similar results were obtained with U251 cells. U-MT cells transfected with MT1-MMP-WT were strongly tumorigenic in comparison with mock-transfected U-zeo cells. The tumorigenicity of U-MT-E240A cells transfected with the catalytically inert protease exceeded that of U-zeo cells only slightly. Similar results were obtained when MCF-7 cells (MCF7-zeo, MCF7-MT, and MCF7-MT-E240A) were used in the xenograft studies.
To determine the role of MT1-MMP in metastasis, HT-neo, HT-MT, and HT-siRNA cells were each injected i.v. into nude mice. In 25 days, the mice were sacrificed. Metastatic loci were counted in the lungs (Supplementary Fig. S1F ). The number of metastases was higher by 30% and 90% in mice that received HT-MT cells when compared with HT-neo and HT-siRNA cells, respectively, thus supporting the prometastatic function of MT1-MMP. Overall, our results show the prometastatic, tumorigenic function of both the naturally expressed and overexpressed MT1-MMP.
Gene expression profiling. We used gene expression profiling to determine the genome-wide effect of MT1-MMP on the transcriptional response in HT1080 cells. RNA isolated from HT, HT-neo, HT-MT, HT-siRNAscr, and HT-siRNA cells was reversetranscribed and amplified in the PCR reactions, and the transcripts were hybridized on a Sentrix HumanRef-8 BeadChip containing 24,000 transcripts from the 22,000 genes represented in the RefSeq database. Gene expression profiles of HT-MT and HT-siRNA cells were then compared with those of HT cells (Supplementary  Table S2 ). We discarded the genes, the expression levels of which were affected at least 2-fold in HT-neo cells and HT-siRNAscr cells when compared with HT cells. The subsequent analysis of the gene array results using the BeadStudio DirectHyb detection software identified 312 genes (P < 0.01) which were differentially expressed in HT-MT and HT-siRNA cells when compared with HT cells and the expression of which differed at least 2-fold, either directly or inversely, in HT-MT cells relative to that in HT-siRNA cells (Supplementary Table S3 ).
The most obvious feature of MT1-MMP was its effect on the genes, the expression of which is either directly or indirectly linked to angiogenesis and the integrity of extracellular matrix (ECM; collagens type IV, V, and XVIII, fibronectin, laminin, procollagen C-endopeptidase enhancer, hyaluronan synthase, HIF-1a, osteoprotegerin, and plexin; Table 1 ).
Data mining and validation. We next determined how significantly the expression of the putative MT1-MMP target genes we identified in HT1080 cells (Supplementary Table S3 ) correlated with the levels of MT1-MMP in human tumors. For these purposes, we performed data mining using the GCM database. This database includes the expression profiling data of f16,000 genes of 190 individual tumors of the 14 human cancer types. Using the GeneNeighbors module of the GenePattern platform for the analysis of GCM database, we ranked 15,191 genes according to their level of coexpression with MT1-MMP (Supplementary Table S4 ). The Euclidean distance was used as an unbiased measure of the expression pattern similarity of the target gene with the expression pattern of MT1-MMP. Using the data of Supplementary Table S4, we then selected the 11 individual genes, the expression of which most uniformly correlated with that of MT1-MMP both in HT1080 cells and in 190 human tumors (Table 2 and Fig. 1A ).
To confirm that the coexpression of these 11 genes with MT1-MMP is statistically significant we used the KS statistics. One hundred thousand trials with a randomly selected set of 11 genes showed the high statistical significance of the 11 identified genes (P < 0.00001). The appearance of several target genes early in the ordered list and how this appearance contributes to a high KS statistics score is evident from a graphical representation that shows the expression pattern of MT1-MMP, PI3Kd, NR3C1, CK2a, and NNT in the 190 tumor samples (Fig. 1B) . The expression pattern of the other seven genes was similar (not shown).
To corroborate our results, we used qRT-PCR to determine the mRNA levels of the 11 identified genes in HT, HT-MT, and HTsiRNA cells (Fig. 1C) . According to our results, the expression levels of these genes were the lowest in HT-siRNA cells. HT-MT and HT cells exhibited similar mRNA levels of these genes, except DAPK1 and SLCO2A1.
To show that the MT1-MMP-mediated regulation is not unique to HT1080 cells, we stained both the HT1080 and the U251 tumor xenografts for MT1-MMP, NR3C1, and PI3Ky. Staining of the cells for PKAa and a-tubulin was used as controls (Fig. 2) . The immunoreactivity of NR3C1, PI3Ky, and CK2a, but not of PKAa and a-tubulin, was up-regulated by the WT protease, but not by the E240A inert mutant. The studies of other genes we identified are exceedingly complicated because the availability of reliable antibodies is limited.
Western blotting of HT, HT-siRNA, and HT-MT xenograft extracts confirmed the increased levels of PI3Ky in the latter (Fig. 3A ). An additional Western blotting analysis of MCF7 xenografts also confirmed the elevated expression of NR3C1 and CK2a in MCF7-MT cells relative to the MCF7-MT-E240A cells. We conclude that the expression of these genes is regulated through different mechanisms: the expression of CK2a and NR3C1 was largely affected by the MT1-MMP gene silencing, whereas the expression of PI3Kd was affected by an overexpression of the exogenous MT1-MMP.
Transcription assay of the NR3C1 promoter-luciferase chimera. To directly confirm transactivation activity of MT1-MMP, we used the chimeric construct, in which the sequence of the NR3C1 promoter was linked to the firefly luciferase. The construct was transiently transfected in HT, HT-neo, HT-MT, HT-siRNA, and HT-siRNAscr cells, and the luciferase activity was measured. To control the transfection efficiency the cells were also transfected with the Renilla luciferase. The luciferase activity was expressed as relative units defined by the ratio of firefly luciferase to Renilla luciferase activity. There was a statistically significant increase of the firefly luciferase activity in HT-MT cells when compared with HT-neo cells (Fig. 3B) . A potent GM6001 hydroxamate inhibitor inhibited proportionally the transcriptional activity of the chimera in HT-MT cells. Because naturally expressed MT1-MMP is inhibited by TIMP-2 in the original HT cells (24) , both siRNA and siRNAscr were without any silencing effect in these cells.
Phosphorylated site screening. NR3C1 is known to repress the mitogen-activated protein kinase (MAPK)/extracellular signalregulated kinase (ERK) signaling cascade (26) . To confirm this repression and to further characterize the MT1-MMP-linked signal pathway alterations, we determined the levels of phosphorylation of 37 phosphorylation sites in cellular kinases and phosphoproteins. The samples of HT-neo, HT-MT, and HT-siRNA cell lysates were analyzed by phosphorylated site screening KPSS-1.3 (Kinexus). In parallel, the samples were analyzed by total kinase protein screening KPKS-1.2. In a consistent manner, there was a 2-fold decrease in phosphorylation of the four MAPKs: MAPK3 (p44 MAPK), MAPK1 (p42 MAPK), MAP2K1/2 (MEK1/2), and MAPK14 (p38a MAPK) in HT-MT when compared with HT-siRNA cells (Fig. 3C) . In contrast, total kinase protein, especially of MAPK1 and MAPK3, was high in HT-MT cells. These results are consistent with the up-regulation of NR3C1 in HT-MT cells. As expected, GSK3h (control) was unaffected by MT1-MMP.
Direct correlations of MT1-MMP with NR3C1. To additionally confirm a link of MT1-MMP with NR3C1, we used an IHC approach. IHC was used to determine the expression of MT1-MMP and NR3C1 in tumor specimens arranged in the TMAs. Because PKAa is not a target of MT1-MMP transactivation, PKAa was used as a control marker. As expected, PKAa immunoreactivity did not correlate with MT1-MMP in tumor specimens, and therefore, MT1-MMP-positive/PKAa-positive, MT1-MMP-negative/PKAapositive, MT1-MMP-positive/PKAa-negative, and MT1-MMPnegative/PKAa-negative biopsies were readily identified (Fig. 4) . In contrast, MT1-MMP staining directly correlated with NR3C1 immunoreactivity. As a result, only the MT1-MMP-positive/ NR3C1-positive and MT1-MMP-negative/NR3C1-negative specimens were identified in gastric, breast, lung small cell, ovarian, and endometrial carcinomas. The staining of the TMAs using the isotype control antibodies was clearly negative (not shown). Based on our immunostaining data and the subsequent extensive color separation and deconvolution analyses, we concluded that the expression of MT1-MMP is coupled to an up-regulation of NR3C1 in carcinomas.
Discussion
MT1-MMP is a key player in stimulating cell locomotion, tumorigenesis, and metastasis of multiple cancer types (1, 27) . Table 1 . Genes linked to the ECM maintenance and angiogenesis: HT-MT/HT-siRNA, the ratio of gene expression in HT-MT cells versus HT-siRNA cells (P < 0.01) MT1-MMP functions as an oncogene, usurps control of tumors, and leads to invasion-promoting cell changes (28) . These changes suggest alterations of signal transduction and transcription pathways, which MT1-MMP affects either directly or indirectly.
To identify these alterations and to determine the identity of the universal genes, the expression of which is affected by MT1-MMP, we up-regulated the expression of the protease in HT1080 cells. In agreement with our data, the overexpression of MT1-MMP in human 184B5 mammary fibroblasts and U251 glioma cells resulted in a 6-fold and a 15-fold increase of the fibronectin gene expression, respectively (13) , also suggesting a link between MT1-MMP and the synthesis of the ECM components, including fibronectin. We believe tumor cells balance the functional activity of MT1-MMP with the enhanced synthesis of the ECM components to replace the digested ECM with the newly synthesized matrix. To provide unbiased evidence for the involvement of MT1-MMP in genome-wide transcriptional regulation, regardless of the cell Figure 2 . Immunostaining of MT1-MMP, NR3C1, CK2a, and PI3Ky in tumor xenografts. Paraffin-embedded tumor xenograft sections were stained using the antibodies to MT1-MMP, NR3C1, CK2a, and PI3Ky. As a control, tumors were stained for a-tubulin and PKAa. FITC-labeled murine and rabbit-negative isotype control IgG were used as additional controls which were clearly negative. Nuclei were stained with DAPI. Original magnification, 400Â. type, we performed a data mining analysis using the GCM database of 190 human tumors of 14 different types. The purpose of this data mining effort was to determine which individual genes from the 312 putative MT1-MMP target genes we identified in HT1080 cells most closely correlated with the expression of MT1-MMP in 190 tumor samples. This unbiased analysis determined the identity of 11 MT1-MMP universal target genes: proapoptotic DAPK1 , mitochondrial NNT, organic anion transporter SLCO2A1, WNTdependent Notch signaling activator JAG1, kinase PI3Kd, glucocorticoid receptor NR3C1, kinase CK2a, regulator of chromatin SMARCA1, kinase STK38/NDR1, ribonucleoprotein SNRPB2, and synexin/annexin 7 ANXA7. The expression of these genes is tightly correlated with that of MT1-MMP (P < 0.00001). The results of our data mining and our subsequent statistical analyses were validated by using qRT-PCR, Western blotting, and immunostaining of HT1080, U251, and MCF-7 tumor xenografts. Our unbiased IHC analysis of the archival paraffin-embedded tumor specimens confirmed that MT1-MMP immunoreactivity is coupled to that of NR3C1 in carcinomas of different tissue origin. In contrast, there was no correlation between MT1-MMP and PKA (a control marker) in the tumor specimens we evaluated. Based on these results, we suggest that proteolytically active MT1-MMP stimulates multiple transcriptional changes and affects several cellular pathways, including energy metabolism (NNT), trafficking and membrane fusion (SLCO2A1 and ANXA7), signaling and transcriptional regulation (NR3C1, JAG1, PI3Kd and CK2a), chromatin organization The incubation with the primary antibody was followed by the species-specific HRP-conjugated secondary antibody and a TMB/M substrate. Note the up-regulation of the target genes in cells expressing MT1-MMP-WT. Arrows point to the PI3Ky,NR3C1, and CK2a bands. B, transient expression assay of the transcriptional activity of the NR3C1 promoter-luciferase chimera. HT, HT-neo, HT-MT, HT-siRNA, and HT-siRNAscr cells were each transiently transfected with both the NR3C1 promoter-firefly luciferase chimera and the pGL4.74 control vector that carried the Renilla luc gene under the control of the thymidine kinase promoter. The mean of four measurements was taken to obtain the firefly luciferase activity that was expressed as relative units defined by the ratio of firefly luciferase to Renilla luciferase activity.
Where indicated, cells were coincubated for 14 h with GM6001 (50 Amol/L) before activity measurement. The activity measured in the parental HT cells was taken as 100%. Columns, mean of at least three independent transfection experiments; bars, SE. The data are statistically significant (P < 0.05). C, phosphorylated site and total protein screening. HT-MT and HT-siRNA cell lysate samples were analyzed using phosphorylated site and total kinase protein screening. A portion of the Western blot image that included pMAPK1, pMAPK3, pMAPK14, pMAP2K1/2, and GSKh (a control). (SMARCA1), cell division (STK38/NDR1), apoptosis (DAPK1), and mRNA splicing (SNRPB2).
Many of these genes are directly associated with cancer. A nuclear glucocorticoid receptor NR3C1 exhibits low transcriptional activity in nontumor fibroblasts but is highly active in fibrosarcoma cells (31) . The functional activity of NR3C1 leads to the repression of the stress-activated protein kinase (SAPK)/c-Jun-NH 2 kinase (JNK) and MAPK/ERK signaling cascades (26) . In agreement, phosporylation/activation of all MAPKs detected in the phosphorylated site screening was repressed in HT-MT cells when compared with HT-siRNA cells. NR3C1 is a known positive regulator of fibronectin (32) . Consistently, our data suggest that the MT1-MMP/ NR3C1 axis is directly involved in the transcriptional regulation of fibronectin.
A nuclear matrix-associated serine/threonine kinase CK2 is activated by stress and plays an important role in tumor cell survival and proliferation. CK2 is overexpressed in breast (33), prostate (34) , head and neck (35) and lung tumors (36) , and leukemia (37), suggesting its broad-range tumorigenic function (38) . Similar to NR3C1, CK2 negatively regulates SAPK/JNK and MAPK/ERK signaling (39) . PI3K the activation, of which results in the generation of phosphatidylinositol (3,4,5)-trisphosphate is directly linked to tumorigenesis and metastasis (40) . Both CK2 and PI3Ky are involved in the activation of the nuclear factor-nB pathway, which is essential to the inflammatory response and, consequently, to cancer cell proliferation. PI3K is also known to upregulate both MT1-MMP synthesis and activity (41) . The expression of ANXA7 is enhanced in metastatic breast cancer and is associated with poor patient survival (42) . DAPK1 is overexpressed in breast tumors, suggesting its role in tumorigenesis (43) . SNRPB2 is an essential component of the mRNA splicing machinery (44) . In agreement with our results, ANXA7, SMARCA1, NR3C1, NNT, CK2a, STK38/NDR1, and SNRPB2 exhibit the cancer-specific alternative splicing variants according to the Alternative Splicing Annotation Project (45) . STK38/NDR1 is involved in centrosome duplication, suggesting its role in chromosome segregation, and it is also upregulated in hypoxia (46) . JAG1, the receptor Notch1 ligand, is overexpressed in tumors and plays a role in tumor cell survival, proliferation, and metastasis (47) . SNRPB2 is up-regulated in oncogene-transformed fibroblasts and plays a role in cell proliferation (48) . Mitochondrial NNT is important for balancing the energy supply to the cells (49) . A link of MT1-MMP with NNT, Figure 4 . Representative immunostaining of MT1-MMP, NR3C1, and PKAa in human cancer specimens arranged in TMAs. A, MT1-MMP and NR3C1 double staining. B, MT1-MMP and PKAa double staining. TMAs were stained with the antibodies to PKAa and NR3C1 (diaminobenzidine, brown ) and with the antibody Ab815 to MT1-MMP (gray black ) and counterstained with Nuclear red. The areas marked with squares were enlarged to facilitate the visual analysis of the colors. Bar, either 50 or 100 Am. C, analysis of the images. The selected regions (boxed ) were subjected to the image analysis system using Scanscope-HT (Aperio Technology). The black and brown colors of the original image were separated using a color deconvolution algorithm (''deconvoluted and merged'' panels). The separated colors are shown in the ''MT1-MMP, black'' and the ''NR3C1, brown'' panels. There is an obvious colocalization of MT1-MMP and NR3C1 in the breast carcinoma biopsies, whereas the ovarian carcinoma sample was negative in both MT1-MMP and NR3C1 markers. Original magnification, 300Â.
which we detected, seems to associate MT1-MMP-dependent migration and tumor growth with energy metabolism in the cells.
We also inferred from our data mining that MT1-MMP is predominantly and consistently up-regulated in leukemias. Based on our data that MT1-MMP protects malignant cells from the immune surveillance and complement attack in the blood (17), we hypothesized here that MT1-MMP protects leukemia cells from an immune attack in the blood (17) . MT1-MMP-dependent downregulation of MAPKs is also likely to contribute to prosurvival signaling in hematopoetic cancers (50) .
Our unbiased genome-wide studies deconvoluted, for the first time, the molecular signature of MT1-MMP in cancer and led us to identify the genes which are functionally, universally, and most consistently linked with MT1-MMP in multiple tumor types. The identified molecular signature of MT1-MMP is linked to the promigratory changes in cell phenotype. The induction of the MT1-MMP target genes, which themselves are directly associated with tumorigenesis, suggests alterations of the signaling, transport, energy metabolism, and other cell functions which jointly, as opposed to MT1-MMP alone, contribute to stimulating cell migration and invasion. The identification of the MT1-MMP target genes is an important step toward the ultimate understanding of the complete complex network of cellular events, which are linked to the MT1-MMP oncogene. The identification of the functional importance of these individual genes in the overall tumorigenic effect of promigratory, tumorigenic MT1-MMP requires additional, extensive studies, which are currently in progress.
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